A new microstrip Rotman lens with enhanced side lobe level (SLL) is proposed for X-band applications. A proper nonuniform distribution of the initial width of output ports is considered to improve the SLL. The benefit of SLL improvement is not based on using additional attenuators or amplifiers at the output ports. Moreover, an analytical background is presented to investigate the resulting SLL of the proposed structure. The advantage of SLL enhancement is obtained at all noncorner scan angles considering 10 GHz operating frequency. As the middle input port is excited, more than 3 dB of SLL enhancement is achieved at 10 GHz. The proposed structure provides even more accurate scan angles than those of the conventional Rotman lens. The designed structure is simulated using full-wave HFSS 15 software. The comparison between simulated results and measurements of the fabricated proposed Rotman lens shows good agreement.
Introduction
Beam steering antennas are encountered in numerous applications such as biomedical imaging, automotive anticollision radars, and communications [1] [2] [3] . Providing proper amplitude and phase distributions is essential in these radiating components. A beam-forming network (BFN) is a device producing desirable amplitude and phase distributions at its output ports. BFNs can be categorized into different structures including digital BFNs, network BFNs, and lens BFNs [4] . In 1950, Ruze designed a lens consisting of two perfect off-axis symmetrical focal points and an on-axis focal point [5] . In 1957, a bootlace lens was proposed by Gent [6] .
Rotman et al. introduced a new lens structure consisting of three perfect focal points [7] . A symmetrical lens was introduced by Shelton as a modification to the Rotman lens structure [8] . In 1984, an improved Rotman lens design resulting in reduced phase-error was presented by Katagi et al. [9] . In 1991, Hansen reformulated the design procedure of the Rotman lens [10] . In this work, the effect of design parameters on the phase and amplitude errors has been investigated. Rao proposed three-dimensional lens BFNs considering four perfect focal points [11, 12] .
The Rotman lens is a passive lens BFN that is in demand due to its many features including low cost, simplicity, reliability, and wide scanning angle [13] . The Rotman lens is a true-time-delay BFN and hence is capable of providing wideband beam steering. Rotman lens structures have been implemented in different configurations using waveguides, microstrips, striplines, and surface wave supporting waveguides [14, 15] this threshold in practice due to unwanted multiple reflections resulting from the side walls, dummy ports, and array ports [17] . A modified Butler feeding network with 180
• power dividers was proposed in [18] , resulting in low SLL. A synthesized radiation pattern with low side lobes was introduced using a Rotman lens structure fed by a power divider in [14] . The beam ports are simultaneously excited with appropriate amplitudes to form the desired radiation pattern. Therefore, the proposed setup does not support beam steering in different directions. In [19] , a proper weighting function was applied to the output ports, improving the SLL. This procedure demands additional attenuators or amplifiers at the output ports, which leads to reduced antenna efficiency or additional complexity, respectively.
In this paper, a new microstrip Rotman lens with enhanced SLL is presented, which is not based on using additional attenuators or amplifiers at the output ports. First, the positions of the input and output ports are optimized using a genetic algorithm (GA). Then the initial width of output ports is altered in order to manipulate the amplitude distribution at the output ports and hence improve the resulting SLL. The proposed structure includes seven input ports and eight output ports, and it provides a 45
• scanning angle with 7.5
• steps. As the middle input port is excited, more than 3 dB of SLL enhancement is achieved at the central operating frequency. The benefit of SLL improvement is obtained for all steering directions except side values,
±22.5
• , at 10 GHz. The effect of altering the initial width of output ports on the resulting scan angles is also investigated. It is found that the proposed Rotman lens yields more accurate steering directions than the conventional Rotman lens at the central operating frequency.
This manuscript is organized as follows. In Section 2, the conventional microstrip Rotman lens is discussed and simulated by HFSS 15 software. A new Rotman lens design including nonuniform distribution of output ports is presented in Section 3, where the fabricated Rotman lens and corresponding measurements are detailed. It is shown that good agreement between measurements and simulation results is achieved.
Conventional microstrip Rotman lens
The Rotman lens is a wideband BFN that provides multiple beams covering a wide scanning angle using shaped input and output curves. The geometry of a typical Rotman lens is demonstrated in Figure 1 . Exciting any input port results in a wave front with a different phase distribution over the output curve and hence beam steering in the desired direction is achieved. Therefore, the number of input ports determines the steps of scanning. Moreover, the number of output ports specifies the desired directivity of the antenna array. It should be mentioned that the output ports are connected to the antenna array through 50Ω transmission lines with specified lengths.
We assume that the relative electric permittivity of the medium between input and output ports together with the transmission line medium is ϵ r . The Rotman lens consists of three focal points: G 1 , G 2 , and G 3 . The scan angles ( Ψ α ) corresponding to G 1 , G 2 , and G 3 are 0 , ϕ , and −ϕ , respectively. The phase-errors associated with these focal points are theoretically zero. Hence, the coordinates of the output contour, ( X, Y ), and transmission line lengths, W , are determined by solving the following equations [20] : where Y is the y -coordinate of the output ports. The notations (G i P ) and (G i O) stand for the distance of G i from P and O , respectively. The transmission line length between O and the central phased array element is W 0 . In many applications, more than three input ports are required. The input ports located at nonfocal points are encountered with phase-errors resulting in an undesired array factor (AF). Since the phase-errors can cause beam steering in undesired directions, reducing directivity, and SLL degradation, an optimization algorithm is utilized to design input and output contours. It is assumed that the input ports are located at F m with m = {1 − M } and the output ports are relative to P n considering n = {1 − N } . The objective function is defined as follows:
where L 1 is electrical path length from F m to the central array element. Considering ϕ m as the desired scan angle associated with F m , L 2 is electrical path length from F m to the array element connected to P n plus demanded phase delay to provide ϕ m scan angle, as follows:
The notations (F m P n ) and (F m O) represent the distance of F m from P n and O , respectively, whereas W n and Y n are the transmission line length and the y -coordinate corresponding to P n . In this work, a Rotman lens with seven input ports and eight output ports is considered. The design goal of the proposed structure is to provide a scanning angle of -22.5
• to 22.5 • with 7.5
• steps over the X frequency band. In all designed structures, the dielectric substrate is RO4003 with relative electric permittivity of 3.55 and thickness of 32 mil.
The GA optimization algorithm is implemented in MATLAB software, resulting in the designed Rotman lens in Figure 2 . According to the symmetry, it is sufficient to detail the (x, y) coordinates of F 1 to F 4 The initial width of the n th output port is defined by a n and α nm is the subtended angle through which the n th output port is observed from the m th input port. It is noted that the width of the 50Ω microstrip lines is 2.025 mm. Moreover, the proposed structure occupies 28.32 × 28.41cm 2 and the initial width values of output ports with n = 1 to 4 are 12.27 mm, 12.05 mm, 11.86 mm, and 11.78 mm, respectively. The simulated normalized AFs at 8, 10, and 12 GHz, generated by exciting four input ports, are shown in Figures 3a-3c , respectively. The simulated S-parameters are investigated using HFSS software and can be used to obtain the corresponding AF as follows:
where AF m is the relative AF of the m th input port obtained using corresponding S-parameters. The spacing between two adjacent elements (output ports) is d = 16.87 mm, and the desired scan angles are
The corresponding SLL values for different scan angles at various frequencies are reported in Table 1 . It can be seen that SLL varies from 11.73 to 12.44 dB at the central frequency, which is less than the 13 dB upper limit. The simulated scan angles for different input ports at various frequencies are reported in Table 2 . It is noted that simulated scan angles are in good accordance with desired ones, showing acceptable errors according to side walls [17] . In order to improve the SLL, the idea of altering parameters a n and α nm will be considered in the following section.
Microstrip Rotman lens with improved SLL
In this section, enhancing the SLL of the Rotman lens is presented without using any additional attenuators or amplifiers. To overcome the previously mentioned 13 dB upper limit for the resulting SLL, a n parameters (Figure 2 ) are decreased from the origin ( n = 4, 5) to the edge of the lens ( n = 1 or 8). Here, a Chebyshev distribution with corresponding amplitudes in Table 3 is assumed. Due to the symmetry of the Rotman lens, the associated amplitudes with n = {1 − 4} are sufficient to be detailed. These amplitudes are applied to the distribution of a n , resulting in a structure with different initial width of the output ports, which is shown in Figure 4 . Now attempts are made to introduce a theoretical background for the resultant AF of the proposed Rotman lens. It is more accurate to consider α nm instead of a n in the procedure of defining the excitation amplitudes of the output array. Therefore, the corresponding values of α nm are calculated and normalized to the respective maximum value (Table 4) . It is obvious that the excitation of the corner input port (1/1-1/8 corresponding values in Table 4 ) is the case least suited to the Chebyshev distribution in Table 3 . Therefore, it is expected not to achieve a remarkable SLL improvement when this input port is excited.
The proposed theory is based on assumptions that the wave front reaches the output ports without any phase-error together with the amplitude distribution defined by α nm , i.e. Now the designed Rotman lens with altered initial width of output ports is simulated using HFSS 15, fabricated, and tested. The schematic view of the fabricated proposed Rotman lens and measurement setup is illustrated in Figures 6a and 6b, Table 3 . input ports with m = {1 − 4} and the output ports determined by n = {1 − 4} are measured in the X-band (Figures 7a and 7b) . According to the symmetry of the designed structure, Figures 7a and 7b show good matching at all input and output ports. Therefore, in view of the reflection coefficient, the proposed method of altering the a n parameters does not disturb the performance of the Rotman lens. The measured S-parameters can be used to obtain the corresponding AF utilizing Eq. (7). It is noted that the Rotman lens insertion loss is inherently considered in radiation pattern calculations due to utilization of measured S-parameters.
The simulated and measured normalized AF patterns for different input ports ( m = 1, 2, 3, 4 ) at 10 GHz are demonstrated in Figures 8a, 8b , 8c, and 8d, respectively. It is mentionable that AF patterns are calculated utilizing corresponding S-parameters considering isotropic radiating elements connected to output ports in Eq.
(7). According to the symmetry of the designed Rotman lens, m = 1-4 are sufficient to be studied. Since X-band application is of interest, the performance of the proposed lens is further investigated in frequencies of 8 GHz and 12 GHz as the middle input port is excited (Figures 9a and 9b) . Good agreement between simulated and measured results can be observed, whereas a little SLL degradation is due to some imperfections in the measurement procedure such as from SMA connectors, matched loads, and surrounding absorbers. Some of these unwanted error sources most affect the results associated with the corner input ports.
For more investigations, Table 5 compares the relative simulated and measured SLLs considering different input ports and various frequencies. In the case where the excitation port is off-center, the preassumptions under which Eq. (8) is proposed are not well met, e.g., the assumption that no phase-error at the array elements can be highly deteriorated due to reflections from the side walls. The comparison between results in Tables 1 and 5 (a) (b) at the central operating frequency shows 3.13 and 4.61 dB SLL improvement when the input ports with m = 4 and 3 are excited, respectively. As expected, the main drawback is addressed when the corner input port is excited. It is concluded that the SLL has been improved when the input ports with m = 4 and 3 are excited at all 8, 10, and 12 GHz operating frequencies. Now the presented Rotman lens is investigated in view of resultant scan angles. The simulated and measured scan angles of the structure shown in Figure 6a for different input ports and various frequencies are reported in Table 6 . The comparison between results in Tables 2 and 6 justifies that the scan angles of the proposed Rotman lens (Figure 4 ) more accurately follow the desired scan angles than those of the conventional Table 6 . Scan angles of AFs associated with the structure shown in Figure 6a for different input ports at various frequencies.
Frequency ( (Figure 2 ). According to the applied Chebyshev distribution in Table 3 , corner output ports are narrower in comparison to those of the conventional structure. Moreover, these output ports are more affected by side wall reflections than middle ones. Based on the reduced width of corner output ports, resulting errors are decreased in the proposed structure. Therefore, more accurate scan angles are achieved.
Conclusion
In this paper, a new X-band microstrip Rotman lens with improved SLL has been proposed. A proper distribution of output ports with different initial width values is considered to improve the resultant SLL. The benefit of SLL improvement is not based on using additional attenuators or amplifiers at the output ports. A new AF analysis is introduced for the proposed Rotman lens, producing a good estimation of SLL improvement. Simulation results show more than 3 dB of SLL enhancement in the case of excitation of the middle input port at the central operating frequency. The advantage of SLL improvement is observed at all noncorner scan angles at 10 GHz. Moreover, the proposed Rotman lens yields more accurate scan angles than the conventional structure. The proposed Rotman lens has been fabricated and measured. Good agreement between the simulated and measured results has been achieved.
